Abstract Various innovations have so far been devised to extract cholesterol from foods. Achieving a supercritical fluid is perhaps one of the greatest human successes in the field of extraction from foodstuffs in last 2 decades. Supercritical fluid extraction (SFE) offers a rapid, environment-friendly and selective method for extracting cholesterol from foods. This review aims at investigating the application of supercritical fluids in extraction of cholesterol. Various factors affecting the SFE, collection systems, examples of cholesterol extraction and SFE benefits are some of the issues discussed in this study.
Introduction
The increasing concerns about the environmental issues caused by organic solvents have obligated the food industry to think about the ''green chemistry'' idea (Poliakoff and Licence 2015; Sarrade and Seaudea 2014) .
Application of supercritical fluids, especially supercritical CO 2 is an excellent alternative to chemical solvents.
Supercritical fluid extraction (SFE) was an epidemic issue during 1980s, so that some articles named it magic (Fjeldsted and Lee 1984) . A liquid or a gas becomes supercritical fluid if the temperature and pressure increase above their critical point (Guiochon and Tarafder 2011) . In supercritical region, the surface of demarcation between gas and liquid disappears and emerges a homogeneous fluid (McHugh and Krukonis 2013) . Supercritical fluids have a density and diffusivity between gas and liquid. Density of these fluids, in opposite of liquids, varies by change in temperature and pressure values, therefore a slight increase in pressure can lead to a large increase in fluid density (Pourmortazavi et al. 2014) . Selectivity is the other advantage of SFE. Changing the pressure or temperature affects the solubilizing potency of the fluid. This makes it possible to extract complex compounds (Zougagh et al. 2004 ). Baron Cagniard de la Tour was the first person to devise the SFE in 1822 (Carles 2010) , then in 1879 Hannay and Hogarth investigated on the solubility of solids in supercritical fluids (Marr and Gamse 2000) . Various compounds have already been used as supercritical fluid which some of them are given in Table 1 . Among these compounds, carbon dioxide is more used. Critical point of carbon dioxide reported by Dr. Andrew in 1975 (30.92°C and 74 .0 bars) is near to the currently accepted value (31.1°C and 73.8 bars). Most of supercritical fluids are inert, inexpensive, pure and nontoxic. Also, this method is suitable for heat-sensitive materials because of lower critical temperature and pressure of fluids such as CO 2 and N 2 O (Marr and Gamse 2000) . Use of CO 2 as a supercritical solvent has other advantages like environmentally friendly, nonflammable, inexpensive and nontoxic features. It also exists naturally around the world (Keskin et al. 2007) .
A SFE system is composed of pump, restrictor, oven, extractor, stainless steel and collector (Ong et al. 1990 ). Trapping of extracting materials is the most important part of the process. SFE is designed in two forms: off-line and on-line. The off-line collection includes solvent collection and solid phase trapping. In solvent collection method, effluent (CO 2 -analyte mixture) is connected with the solvent via the restrictor or depressurized into a distinct solvent (Lang and Wai 2001) . The system is widely used for extracting from environmental samples.
The solid phase collection is designed in three approaches, including cryogenic trapping, empty vial collection and adsorption on trapping solids (Nahar and Sarker 2005) . Empty vial has poor collection efficiency in comparison with other trapping methods (Turner et al. 2002) . For instance, Shen et al. first, removed * 75% of the terpene hydrocarbons from orange oil loaded onto a silica gel, then used SC-CO 2 at 35°C, 13.1 MPa, and 2 kg/h until achieved a maximum recovery of flavor compounds (Shen et al. 2002) .
The on-line method directly combines the SFE system with analytical instruments such as gas chromatography (GC) or liquid chromatography (LC) columns. Online coupling removes the sample handling, sample loss and reduces the analysis time. The main disadvantage is the need of the experts to handle the process.
Cholesterol is one of the main parts in human biomembranes and vessels. However, a strong relationship between high blood cholesterol and coronary heart disease is its biggest problem (Shepherd et al. 2006; Zhang et al. 2003) . The American Heart Association has recommended to reduce the daily intake of saturated fatty acid and cholesterol (Lichtenstein et al. 2006) . So, extraction of cholesterol always was considered as an important issue in food industries. Nowadays, SFE of cholesterol has attracted the attention of researchers as an alternative method for organic solvent extraction. This method enables extracting the cholesterol from beef, fish muscles, egg yolk, milk fat and other foods.
Advantages of SFE
SFE is a promising alternative technique to classic and conventional solvent extractions and it has various distinctive properties. The main advantage is possibility for easy manipulating of fluid density. The density of supercritical fluids is easily adjustable by small changes in pressure and temperature. In other words, SFE method has high selectivity. For example, it is possible to launch the extraction at low CO 2 density (for example, 0.29 g/cm 3 ) then continue the second extraction stage at high CO 2 density (for example, 0.87 g/cm 3 ). Volatile and soluble compounds like essential oils are extracted during the first stage (Aghel et al. 2004; Pourmortazavi et al. 2004 Pourmortazavi et al. , 2005 and the fewer soluble substances are isolated in the subsequent step (for examples, lipids or antioxidants) (Grigonis et al. 2005) . Another unique feature of SFE is its low time and solvent consuming property (Boselli et al. 2001 (Boselli et al. , 2002 . This technique impressively reduces the extraction time to about 10-60 min (Sapkale et al. 2010) . But, for the Soxhlet extraction method with n-hexane as the solvent, time required for lipid and then cholesterol extraction is more than 7 h. Supercritical fluids (SCFs) have rather high diffusivity and low viscosity. So, they can penetrate a solid matrix more effectively than liquid solvents.
Another advantage of SCFs such as N 2 O or CO 2 is the gaseous form of them at room pressure and temperature, which makes the recovery of components simple and fast. SFE usually works at mild condition (low temperature and pressure), so it is suitable to extract thermolabile compounds (Scalia et al. 1999) . Another feature of SFE is its low organic solvent consumption compared with classic extraction methods (Hubbard et al. 2004) . In comparison with 20-100 g of required matrices in liquid-solid extraction methods, 0.5-1.5 g of the sample is required in SFE method (Sahena et al. 2009 ). Sample preparation in classic extraction techniques is tedious and needs more time, but SFE requires short time for sample handling and preparation. SFE enables direct coupling with assessment instruments such as GC or LC. Therefore, it provides qualitative and quantitative detection of substances. Among several solvents utilized for SFE, CO 2 is the most widely used because of its low critical pressure and temperature, also it is nonflammable, nontoxic and is convenient to handle. The on-line coupling of a supercritical fluid extractor to an analytical instrument provides other advantages like possibility to flow the large amount of extracted analytes through the extractors, also samples can be protected from light and air.
Limitations of SFE
Despite the fabulous advantages of SFE, but some flaws remain. The first and the main problem of SC-CO 2 is its low tendency to dissolve highly polar components. Therefore, it is mandatory to add an organic solvent as modifier to SC-CO 2 . Also, modifiers, in spite of increasing the yield of extraction, need to be separated in the clean-up step. On the other hand, they cause problems to adsorbents used in the collection step (Brondz et al. 2017) . The necessity of having very expensive equipment and experts to handle the SFE process is the other problem. Although, SFE is a fast extraction system, but the cost of buying the equipment, initiating and running the process is high. In addition, the high pressure utilized in the SFE requires that all transfer lines, valves and vessels be fabricated as unfired pressure vessels according to the application code (Khosravi-Darani 2010). The SFE technique likewise requires the clean-up steps repeatedly (De Castro and Jiménez-Carmona 2000) . In some cases the extracts are contaminated with unwanted components, therefore the clean-up steps are compulsory, particularly when the analytes are fatsoluble.
Cholesterol
Cholesterol is an organic molecule, belonging to the sterol family ( Fig. 1) . All animal cells can synthesize cholesterol which is essential for cell membranes. Cholesterol keeps the membrane fluidity and integrity. Cholesterol enables animal cells to change their shape. Poulletier de la Salle in 1769 firstly discovered the cholesterol in gallstones and bile (Dam 1958) and subsequently Chevreul in 1815 who named it cholesterine (Olson 1998) .
There are two different sources of cholesterol. In the body, the liver produces all necessary cholesterol. But eating a diet with high content of saturated fatty acids obliges liver to produce more cholesterol (Ikonen 2008) . Also, the main food sources of cholesterol are poultry, egg, fish, meat and full fat dairy products.
Cholesterol is slightly soluble in water (Jocz and Savage 2016) so, it tends to be transferred into lipoprotein structure. There are five types of lipoproteins in the body (blood). Chylomicrons, very low-density lipoprotein (VLDL), low-density lipoprotein (LDL), intermediate density lipoprotein (IDL) and high-density lipoprotein (HDL) and among them, LDL particles have the most cholesterol content. A cell with high cholesterol will block its cholesterol receptor. Afterwards, excess cholesterols form atherosclerotic plaques (Weingärtner et al. 2010) which cause the serious diseases such as stroke or heart attack.
Solubility of cholesterol
Solubility has an important role in SFE owing to the interaction between supercritical fluid and substance which is extracted. SC-CO 2 is a proper solvent for most nonpolar and slightly polar molecules which have low molar mass.
Cholesterol (C 27 H 46 O) has an OH polar functional group that gives cholesterol a dipole moment of nearly 1.9 D, but it is a chiefly hydrocarbon compound. Thus, cholesterol is more soluble in the solvents such as carbon dioxide or ethane. Also, it has been shown that, cholesterol solubility in pure supercritical ethane is more than in CO 2 . Moreover, solubility degree is under influence of pressure and temperature. For example, at 130 bars and 333.1 K, the ratio of solubility in ethane to CO 2 is around 15.3 while, at 190 bars and 313.1 K is 4.3 (Singh et al. 1993) . Also, solubility of a hydrocarbon solid is exponentially proportionate to the density value. The ability to predict the solubility of cholesterol in supercritical fluids is important in the food industry. For this purpose, Peng-Robinson equation (Babaei et al. 2006; Bozorgmehr and Housaindokht 2006) , density-based correlation (Huang et al. 2004) , statistical association fluid theory (SAFT) equation (Aghamiri and Nickmand 2010) and Van Der Waals mixing rules (Ksibi and Moussa 2007) have been employed. Concerning the effects of pressure on solubility of SCFs, it is noteworthy that, the density of SC-CO 2 has the direct relationship with pressure, so that as the pressure is increased, the density of carbon dioxide increases and so does the solubility. Other important factor affecting the solubility of the substances in SCF is the system temperature. The effect of temperature on the solubility is not as simple as pressure. It depends on two competing factors: SCF solvent density and solute sublimation. As temperature increases, the vapor pressure of solute also increases while the density of solvent decreases, resulting in the opposite effects. An increase in the vapor pressure makes the solute more soluble, while a decrease in the solvent density makes it less soluble. Thus, a prediction about the impact of pressure on the solubility of solutes in SFC requires an accurate investigation on physical properties of SCF and cholesterol such as critical constants, vapor pressure, molar volume and acentric factor.
Effective parameters in SFE
There are several factors affecting the yield of supercritical fluid (SCF) extraction. The physical form of the materials (i.e., particle size, surface area, shape, porosity), variation of temperature and pressure, moisture content, existence of modifiers, initial oil content, swelling of the food, fluid flow rate and time of extraction are some most important of them.
Extraction efficiency increases with decreasing the particle size. Also, decreasing the particle size of matrices leads to the creating a larger surface area. Asep et al. (2008) showed that the yield of extraction from the smaller particle size of cocoa nibs (especially 0.074 mm cocoa nibs) was significantly higher than whole cocoa nibs (Fig. 2) . In a similar survey, Nagy et al. displayed that milling and decreasing the size of paprika to 0.1-0.7 mm, easily removed the oil from samples (Nagy and Simándi 2008) .
Moisture content of raw materials has different efficacy in the extraction yield. In other words, low moisture content can act as a modifier, so increases the solubility. For example, Ling et al. (1999) found that nearly 10% of moisture was enough to improve the solubilizing power of the fluid to maximum limit in SFE of herbal medicines. But, higher amount of moisture was undesirable because of clogging problems in the restrictor. Temperature and pressure conditions of restrictor may create the ice from the moisture and subsequently clog the restrictor. The ways to avoid such problems are: (1) mixing the sample with sodium sulfate that can save the moisture effectively (Brannegan et al. 2011 ); (2) using the silica gel to absorb moisture from analytes (Brannegan et al. 2011); and (3) heating the restrictor to an acceptable temperature (Beňová et al. 2010) .
Low primary oil content in foods has positive effect on the extraction. But, in high quantities, it does not have significant effect. The reason is that a little amount of oil could act as a co-solvent, particularly for low-soluble compounds (Nagy and Simándi 2008) .
Matrix swelling is another index which aids to improve the extraction efficiency. The supercritical fluid easily diffuses into the food or polymer, when the sample is swelled (Zhang et al. 1997) . Changing in temperature, pressure and modifiers can regulate the swelling. For instance, Sun and Temelli (2006) mentioned that canola oil (as a modifier) penetrated the structure of dried carrots and makes it swell. Therefore, it became easier for SC-CO 2 to extract carotenoids from cells (Sun and Temelli 2006) .
Temperature, pressure and flow rate are the most discussed factors among parameters affecting the extraction of cholesterol (Hou et al. 2010; Liu et al. 2011; Vedaraman et al. 2004 ). The velocity of supercritical fluid through foodstuff is one of the most effective factors in the extraction of cholesterol. Decreasing the fluid rate of supercritical fluids causes it to penetrate deeper in the matrix. So, it has the positive effect on extraction efficacy due to an increase in contact area between SCF and sample. Flow rate is a changeable feature relevant to the restrictor. For example, SC-CO 2 extracted better the lycopene at a Fig. 2 The Effect of the particle size on the extraction efficiency. Particle size 1.5 mm (A), 0.7 mm (B) flow rate of 2.5 mL/min than 15 mL/min. For flow rates more than 10 mL/min, the yield of recovery was less than 8%, whereas the percentage of 2.5 mL/min flow rate was 38.8% (Rozzi et al. 2002) . In recent years likewise, it has been shown that the liquid volume expansion is another effective thermodynamic criterion in cholesterol micronization and solubility. In this regard, Wang et al. (2012) indicated that a good size distribution of the cholesterol particles could be achieved when the liquid volume expansion is lower than 80% (Wang et al. 2012 ).
Application of modifiers in SFE of cholesterol
Modifiers (entrainers) are co-solvents which improve the efficiency of the SCF extraction by increasing the solubility of analyte. Also, modifiers extend the range of extractable materials. Some common modifiers are methanol, ethanol, dichloromethane, 2-propanol and acetonitrile. Since the SC-CO 2 is fairly nonpolar, it is necessary to add polar modifiers such as ethanol to enhance the solubility of more polar and higher weight molecules. Besides, application of modifiers reduces the temperature needed for the SFE (Paul et al. 2016) . Although, adding a modifier to CO 2 transform it from supercritical to subcritical and makes difficulties such as needing for separating the modifiers from subcritical fluid after extraction process, however a well selected modifier improves the yield of extraction.
The role of modifiers in increasing the yield of SFE has been mentioned in the following examples. Shen et al. (2008) used co-solvent-modified SC-CO 2 to extract the cholesterol from soft-shell turtle fish egg powder. They obtained 70.1% yield, using ethanol as a modifier (Shen et al. 2008 ). Vedaraman et al. compared the effect of 2-propanol, acetone and ethanol as modifiers in different amounts on the extraction of the cholesterol from cattle brain. It can be inferred that, the use of propane with supercritical ethane at a density of 3.5 mol% has better effect on the solubility of cholesterol than CO 2 as co-solvent (Vedaraman et al. 2008) . Another result of the research showed that adding a little amount of CO 2 to the ethane has a stronger effect on the solubility of cholesterol than adding ethane to CO 2 . Kang et al. (2005) demonstrated that the use of ethanol as an entrainer at 1.5% w/w SC-CO 2 could significantly improve the recovery of cholesterol from the fish oil.
SCF extraction of cholesterol
Investigation of literatures suggests that the SFE technique presumably is the only efficient method to extract the large amount of cholesterol with no need for lipid extraction stage. The high percentage extraction or recovery of cholesterol from foods in supercritical fluid extractor, needs considering the factors such as temperature, pressure, density and flow rate of the supercritical fluid. Although such factors vary according to the type of food, however an optimum range for all of them can be imagined. Results obtained from several studies related to the SFE of cholesterol, indicated that the optimum temperature, pressure and density used in the extractor were 40-50°C, 330-383 bars, 0.9-0.93 g/cm 3 , respectively. Concerning the flow rate of supercritical fluids a wide range of 2 mL/ min-12 L/min has been utilized. The following are examples of cholesterol extraction by SFE method.
Vedaraman et al. indicated that a maximum of 52% of the cholesterol could be extracted from cow brain using SC-CO 2 . In their survey, the extraction yield was studied by varying the parameters such as temperature, pressure, and the mass flow of SC-CO 2 . Also, they studied the structure of extracted cholesterol by the nuclear magnetic resonance spectroscopy (NMR), differential scanning calorimetry (DSC), and Fourier-transform infrared spectroscopy (FT-IR) and also, they investigated the purity of samples by the GC method. GC analysis showed that the purity of extracted cholesterol is 86% and the FT-IR, DSC, and NMR results displayed that the cholesterol spectra was matched well with the standard cholesterol. Their other findings showed, although the increase in the pressure from 230 to 270 bar was not effective on the extraction yield, but the increase in the temperature and the flow rate of SC-CO 2 from 50 to 70°C and 2 to 4 kg/h, marginally increased the rate of extraction. The effective diffusion coefficient was likewise found to increase with the temperature and the flow rate of the SCF. In general, the effective diffusion coefficient was between 1.9 and 2.8 9 10 -13 m 2 /s for the whole range of experiments utilized in the their study. (Vedaraman et al. 2005) .
SFE of cholesterol from aquatic sources are of interest to researchers. In this regard, Kang et al. (2005) published important data on the solubility and extraction of lipids and cholesterol from the fish (squid) oil. Their investigation indicated that, up to 54% reduction in cholesterol content of the squid oil can be achieved at 30°C and 17 MPa (Fig. 3) .
The use of experimental designs to optimize the conditions used for extracting cholesterol from foodstuffs has been likewise considered. For instance, Higuera-Ciapara et al. (2005) , designed a Response Surface Analyses method to get the optimum temperature, volume and the pressure used to extract cholesterol from shrimp. They utilized a central composite rotatory design for three aforementioned variables with five levels each and the statistical significance was defined to be \ 0.95%. The variables studied for pressure, volume, and temperature were 275, 289, 310, 331 and 345 bar, 250, 909, 1875, 2841 and 3500 L CO 2 and 35, 36, 37, 38 and 39°C, respectively. To extract cholesterol from shrimp, they employ a system schematically illustrated in Fig. 4 . Their findings indicated that, under the optimum conditions of 37°C, 310 bar, and 1875 L of CO 2 it was feasible to obtain a low-cholesterol shrimp (Higuera-Ciapara et al. 2005) .
In other research, the influence of several temperatures (40, 55 and 70°C) and pressures (8.5-24.1 MPa) in SFE of cholesterol from butter oil was studied (Mohamed et al. 2000) . The results showed that combining extraction and adsorption methods using 17.2 MPa and 40°C and an alumina as absorbent, reduced the cholesterol content from 2.2 to less than 0.1 mg/g in the butter oil. Hou et al. (2010) could successfully reduce the lipid content of freeze-dried goat placenta up to 21.02%. They reported that the application of SC-CO 2 at 34.6 MPa, 35.3°C and 29.1 min reduced the cholesterol content up to 8.46 mg/g dry basis (Hou et al. 2010) .
Chao et al. extracted the cholesterol and lipid from ground beef at two pressure values of 172 and 310 bars. They reported that the average percentage of the lipid removed at 310 bars was twice that at 172 bars, but the ratio of extracted cholesterol to lipid was higher than that found at 172 bars (Chao et al. 1991) . The results observed by Chao et al. indicated that the SFE of cholesterol needs certain conditions and there is not always an equal relationship between extracted lipid and cholesterol. In another work conducted by Chitra et al. (2015) , nearly 55.8% decreasing in cholesterol was achieved at the condition of 207 bar, 68°C and flow rate of 6 L/min (Chitra et al. 2015) .
Another attempt at SFE of cholesterol belongs to the Ong et al. study. They tested several pressures, temperatures and time to extract cholesterol from egg yolk and blood serum (Ong et al. 1990 ). They demonstrated the possibility of reaching 98% yield in the pressure of 17.7 MPa within 30 min (Fig. 5) . A number of studies as Fig. 3 The correlation between time and the percentage recovery of the cholesterol using a spiked glass wool Table 2 .
Collection of extracted cholesterol with SFE system
The collection of cholesterol could be performed in three different approaches, including (1) collection in empty vessels; (2) solvent collection and (3) solid-phase collection. Depressurizing in U-shaped empty vessel has been less successful because of forming aerosol (Turner et al. 2002) . Also, it is time-consuming. However, this method is the most prevalent technique of cholesterol extraction.
Liquid solvent collection is the most widely used technique for extracting from natural substances (Herrero et al. 2006) . Two approaches have been used for this system. In the first design, the restrictor is directly placed into the liquid solvent as collector (De Martinis and Lancas 2000) , so SCF is depressurized in contact with the solvent. In another approach, the SCF-analyte mixture is depressurized in a glass tube then collected into the collector solvent (Pourmortazavi and Hajimirsadeghi 2007) . Liquid trapping can be an efficient way to collect volatile and polyphenol substances (Palenzuela et al. 2004) . The solvent trap must be compatible with the polarity of analytes, extractant and modifiers. Methanol is a proper solvent for polar compounds, while dichloromethane often is used for nonpolar analytes (Shimmo et al. 2004 ). Application of this method for extracting cholesterol is rare. Carmona et al. collected the cholesterol extracted by the SC-CO 2 in a stainless steel while a stream of 2-propanol solvent was pumping through the trap efficiency of collection (Braida et al. 2008 ). For example, Mohamed et al. combined the supercritical ethane with an alumina as an absorbent material to extract the cholesterol from a butter oil. This method produced the butter oil with cholesterol content of approximately 3% of what was in the original butter oil. In this research, the influence of several temperatures (40, 55 and 70°C) and pressures (8.5-24.1 MPa) in solubility and SFE of cholesterol was studied (Fig. 6a, b) . The results showed that the combination of extraction and adsorption methods at 17.2 MPa and 40°C using alumina as adsorbent reduces the cholesterol content from 2.2 to less than 0.1 mg/g of butter oil. Also, it has been expressed that the solubility of the butter oil and cholesterol in supercritical ethane (SCethane) is higher than those found in SC-CO 2 .
In general, application of a cooled empty U tube for separation of cholesterol from foodstuffs is the most widely used.
Conclusion
Supercritical fluid extraction can be recognized as an evolution in extraction from foodstuffs in last 2 decades. This method makes it possible to extract a wide range of substances from foods with less solvent use and saving of time. This technique can easily extract the cholesterol from muscles, cells, egg yolks and milk fat. However, attainment to a high yield in extracting cholesterol, needs an accurate adjustment of temperature, pressure, density and flow rate of the supercritical fluid. It is possible to reach up to 98% yield in the cholesterol extraction by improving all conditions.
In conclusion, results obtained from several studies indicated that the SFE technique is probably the best way to extract cholesterol. 
